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CONTROL OF PHOSPHORUS DYNAMICS BETWEEN GROUNDWATER, SURFACE 
WATER, and SOIL COMPARTMENTS IN A MONTANE TROPICAL WATERSHED 
By 
Virginia Hoyt 
University of New Hampshire  
Surface, subsurface, and soil water chemistry of a tropical river system was studied to 
better understand how ecosystem compartments along hydrologic flowpaths control phosphorus 
dynamics, what factors control downstream phosphorus trends, and what factors account for 
spatial variability in PO4 concentrations in a tropical montane watershed. Interactions between 
ecosystem compartments and changes in the global nitrogen cycle have been well- documented 
and described, but much less is known in this regard about the global phosphorus [P] cycle. To 
enhance our understanding of interactions between ecosystem compartments, longitudinal P 
variability, P-processing at the interfaces, and P-cycling, I conducted a series of observations and 
experiments in the Icacos watershed of the Luquillo Critical Zone Observatory in Puerto Rico.  
Batch soil sorption experiments were used to document PO4 sorption along a riparian catena, a 
series of stream PO4 additions documented uptake into stream sediments from the overlying 
water column, and longitudinal stream transects of PO4 and the metals (Ca, Al, Fe, Mn, Mg) that 
may play a role in PO4 retention in stream samples were conducted to assess controls on PO4 
concentrations.   
Results provide insight on downstream trends in PO4, spatial variability of PO4, and 
overall control of P nutrient dynamics in a tropical montane watershed. PO4 fraction size analysis 





colloidal P (>.2,<.45 µm), colloidal P (>.45,<.7 µm) is captured and immobilized by bed 
material, and the fine colloidal fraction persists in downstream export. Stream water and 
groundwater chemistry suggests losses to groundwater along reaches. Soils observations and 
studies suggest variation in Icacos soils and evidence of highly oxidized Al- and Fe- oxide 
patches as one moves away from riparian areas and further in proximity of the reaches and/or 
further upstream in reaches. Batch soil experiments provide substantial insight on PO4 
enrichment and C-Q relationships. High infiltration rates observed in the Icacos watershed in 
tandem with unique increasing PO4 C-Q relationships and soil sorption results suggest during 
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1.1 Phosphorus Dynamics 
Phosphorus [P] plays an important role in ecosystems. It is an essential nutrient found in 
all life forms and is a necessary component of cellular material (Domagalski & Johnson, 2012). 
Phosphorus is also considered to be a macronutrient due to the relatively large amount of the 
nutrient required by plants (Pagliari et al., 2017). Phosphorus is capable of both limiting 
productivity and causing excessive productivity (eutrophication) in ecosystems (Perlman, 2016). 
Unlike many of the other biogeochemical cycles, the atmosphere does not play a significant role 
since phosphorus has no significant gaseous phases at temperatures and pressures normally 
present in watershed ecosystems (Vervier et al., 2009). As P cycles it moves slowly from 
deposits on land and in sediments to living organisms and then back into soil and aquatic 
sediments. This nutrient cycling may be regulated and impacted by a variety of factors such as 
habitat type, grain size, biological activity, streambed permeability, hydrology, geographic 
region, geology, and geomorphic structure (Munn & Meyer, 1990). Human alteration of the 
global P cycle has led to widespread P loading in freshwater ecosystems (Small et al., 2016). P is 
commonly distributed through the environment as agricultural fertilizers, organic wastes from 
sewage or industrial effluent, and manure (Perlman, 2016). It is estimated that humans have 
mobilized P to such an extent that there has been a 75% increase in the amount of P stored in 
terrestrial and freshwater systems since pre-industrial times (Bennett et al., 2001). Human 
activities changing in-stream nutrient concentrations have led to altered lotic ecosystem function 
(Finkler et al., 2018). Furthermore, global change is expected impact nutrient processing (Finkler 






1.2 Linking P Dynamics in Soils to Streams 
The solubility and reactivity of P are controlled by physical, chemical, and biological 
characteristics of an ecosystem (Ann et al., 2000). Natural variations in soil and rock type exert 
strong control on stream solute concentrations (Biggs et al., 2002). P generally enters aquatic 
ecosystems from terrestrial ecosystems via sorption to soil particles and in dissolved forms; it 
may enter the system in particulate form or may become associated with particles that settle from 
the water column (Daniel et al. 1994; Sharpley et al., 1994; Fytianos et al., 2005). Soil chemistry 
and catchment hydrology play a substantial role in the control of river-water chemistry (Billett & 
Cresser, 1992). More detailed hydrologic information with regard to riparian areas is needed to 
better understand how riparian zones impact surface water nutrients (Dent et al., 2001).  
P solubility in soil-water systems is regulated by temperature, pH, redox potential, soil 
moisture, initial P mineral availability, soil clay content and clay type, and microbial activity 
(Ann et al., 2000; Pagliari et al., 2017).  Compounds containing Al, Ca, Mn, Mg, and Fe may 
form insoluble compounds/precipitates with phosphate [PO4] causing P to become fixed and 
unavailable. There are a variety of sorbed phosphorus complexes including: loosely sorbed P, 
iron sorbed P, metal oxide bound P, calcium bound P, and residual (organic & refractory) P 
(Fytianos et al., 2005). Solubility of PO4 in the interstitial water of sediment under prevailing 
conditions of pH, redox potential and ionic strength is controlled by the chemical composition of 
the phosphates present and their interactions with other minerals and amorphous materials 
(Maine et al., 1992). Under certain pH conditions, cations dominate fixation; at pH > 7 the 
fixation of P is dominated by calcium and magnesium-based compounds, while under acidic soil 





[Fe] fixation resulting in amorphous aluminum and iron phosphates (Pagliari et al., 2017). The 
pH range for most non-fixed, available P is in soils with pH between 5.5-7 (Pagliari et al., 2017). 
In oxidizing, aerobic conditions P is usually retained by Fe (III), Mn (IV), and aluminum 
minerals, while under reducing, anaerobic conditions dissolved reactive P is more likely to be 
released to interstitial water due to the reduction of these minerals weaker binding forms like Fe 
(II) and Mn (II) which is referred to as reductive dissolution (Olila & Reddy, 1997; Kopacek et 
al., 2005; Lin et el., 2020). At the watershed scale, P may not be released from watersheds unless 
there are significant zones or time periods of anoxia (Kopacek et al., 2005). Furthermore, it has 
been found even in the presence of reducing conditions soils continue to act as sinks for P; they 
exhibit quick sorption, but weaker binding of the nutrient (Lin et al., 2020).  Alternatively, in 
areas that exhibit high rates of erosion, the presence of elevated Al hydroxide concentrations 
may fix the recently liberated PO4 and prevent its export (Kopacek et al., 2005).  
 Fine-textured soils like clays have a greater sorption and holding capacity for P and can 
hold hundreds of kg of PO4 per ha via sorption or chemical precipitation (Pagliari et al., 2017). 
Much of the transport of P from terrestrial systems to aquatic systems involves particulate forms 
that are transported via runoff at high rates produced during major erosion-causing storms 
(Pionke et al., 1997; Pagliari et al., 2017). When soil erosion occurs more fine particles are 
removed than coarse particles.  Because finer particles have higher affinity for P sorption, during 
erosion events the sediment that is transported is generally enriched in P (Pagliari et al., 2017). 
The mechanism that relates soil cation content to solute concentrations in streams is not yet 







1.3 Linking Groundwater P Dynamics to Streams 
The interaction between groundwater and stream water is primarily through advective transport, 
the process by which solutes are transported in the bulk movement of flowing groundwater 
(Harvey & Bencala, 1993). The hyporheic zone is the region of interaction that lies between the 
stream and groundwater (Bencala, 1993). Groundwater input and interbasin transfer can account 
for half the discharge in some watersheds and can contribute a significant fraction of stream 
solute loads (Genereux et al., 2002). Specifically, some groundwater has been found to 
contribute relatively high levels of nutrients, such as P, that can ultimately determine solute 
chemistry of surface waters (Pringle et al., 1993). In a study of regional groundwater within the 
La Selva Biological Station, Costa Rica, groundwater was reported to contain a flow-weighted 
average concentration of 232 µg P/L Ganong et al. (2015). Infiltration into groundwater 
enhances the movement of dissolved oxygen and cations, in addition to P, increasing the 
retention capacity of sediments via sorption (Reddy et al., 1999). Interactions between 
groundwater and surface water are complex and to better understand these dynamics it is 
important to investigate groundwater-surface water interactions related to climate, landform, 
geology, and biotic factors (Sophocleous, 2002).  
Groundwater inputs have also been found to help minimize seasonal change and change 
in precipitation regime with regard to stream flow, which is particularly important to consider in 
light of climate change and global shifts in precipitation regimes (Ganong et al., 2015). Total 
rainfall is predicted to decrease in the Caribbean region and warmer temperatures are expected to 
reduce water availability via evaporation and transpiration from soils, plants, and streams (EPA, 
2016). In contrast, tropical storms in Puerto Rico have become more intense during the past 20 





potentially increase the importance of groundwater contribution to in-stream export of 
biologically important solutes as it has been found that groundwater input can buffer export of 
Soluble Reactive Phosphorus [SRP], Nitrogen [N], and Dissolved Organic Carbon [DOC] 
against change in local runoff patterns (Ganong et al., 2015). 
Sorption is also a prevalent process in groundwater and stream water; sorption of P via 
sediments in aquifers is related to the amount of Fe - and Al – containing compounds present 
(i.e. iron and aluminum oxides), the pH, the total amount of P present, the amount of dissolved 
oxygen in the water, and other ions in solution (Domagalski & Johnson, 2012). Reductant-
soluble P has been found to more commonly sorb Mn compounds and Fe-oxides and is thought 
to be redox-sensitive and potentially bioavailable (Wang et al., 2006). Metal oxide bound P is 
usually present as P sorbed to the surface of aluminum oxides and is often released from this 
complex at higher pH levels (Jacoby et al., 1982). Calcium bound P appears to become fairly 
strongly immobilized and is not easily bioavailable (Liu et al., 2013).  
When P concentrations in aquifers are low, it is likely that oxides are undersaturated and 
can adsorb more P, while high concentrations of P indicate the oxide surfaces are saturated or are 
becoming saturated (Domagalski & Johnson, 2012). Furthermore, more P sorption to aquifer 
sediments is likely when there is a higher abundance of oxides that occurs when there is greater 
dissolved oxygen creating a more oxidizing environment (Domagalski & Johnson, 2017). As 
well, the removal of dissolved phosphorus via precipitations of metal oxide coatings onto 
sediment occurs as water passes from groundwater to surface water through the hyporheic zone 
providing an ideal form and contact for PO4 sorption (USGS, 2016).   
Bed sediments can act as a P sink through adsorption but are also capable of releasing P 





hyporheic zone and stream water are highly connected and interstitial water in the hyporheic 
zone can entail long-term P storage (Vervier et al., 2009). This internal loading is a concern due 
to the potential hazard of P overload in aquatic ecosystems (Liu et al., 2013). Several forms of P 
may become tied up in the sediment pool, but the release is thought to depend on environmental 
factors and metal and nutrient concentrations (Liu et al., 2013). When the association of PO4 is 
with Fe, Al, or Ca and in the presence of carbonates and clays this internal loading is of special 
interest due to the properties of these elements, compounds, and particles (Jensen et al., 1992). 
Incorporating hyporheic processes into lotic paradigms is needed to develop more 
interdisciplinary frameworks that facilitate cross- and intra- system studies (White, 1993).  
Fluxes between groundwater and surface water, and the influence of these interactions on 
streambed dynamics, are rarely investigated in tropical environments (Vu et al., 2018). Research 
on groundwater-surface water interactions has recently shifted from a large-scale focus, to a 
smaller scale focus based on laboratory and/or field data to elucidate exchange dynamics and the 
related biogeochemical processes at the interface (Fleckenstein et al., 2010). However, as noted 
by Vu et al. (2018), there is limited understanding of groundwater-surface water interactions for 
tropical environments due to a lack of detailed field studies. Recent findings suggest stream 
sediments receiving large amounts of groundwater inflow can store large P pools, and release of 
that P in groundwater may alter stream P concentrations, N:P ratios, and SRP export, changes in 
redox conditions and pH driving the extent of P release (Ganong et al., 2015). Where water flows 
within the sediments between these compartments is defined as the hyporheic zone; the water 
flow between sediments and surface water links biological and chemical processes that occur 





transformations at this interface are not well understood and require further study (Jones & 
Holmes, 1996). 
1.4 Surface Water P Dynamics 
P is usually in the shortest supply relative to its demand in freshwater systems, so it often 
has the greatest potential to limit primary productivity in these systems (Schindler, 1974). 
Eutrophication results from the overloading of aquatic ecosystems with P as algal species growth 
skyrockets in response, increasing turbidity conditions and blocking light from higher plants. As 
a result, the higher, aquatic plants die off leading to increased rates of decomposition and oxygen 
consumption and in negative impacts such as fish kills (Mainstone & Parr, 2002). In the past, 
studies have generally assumed that processes in or near the stream have minimal influence on 
stream chemistry.  It is known that wetlands can function as long-term P sinks, meaning they can 
retain P for long periods of time (Small et al., 2016). Furthermore, the fate of P in lakes has been 
widely covered (Reddy et al., 1999). But we know much less about the fate of P in streams and 
the ability of streams to function in this capacity (Reddy et al., 1999; Small et al., 2016).  
Cycling appears to be dominated by the coupling of biotic P limitation, preferential N uptake, 
and abiotic processes; it is suspected P sorption may be a particularly important process in 
tropical streams (Finkler et al., 2018).  
Rivers provide multiple pathways for nutrient interception, utilization, and 
transformation; they are complex, spatially and temporally heterogeneous systems that interact 
with many components of the landscape such as floodplains, the hyporheic water, surface water, 
and groundwater which increases their ability to retain water and increases their chances of 
intercepting, transforming, and utilizing resources (Brookes et al. 2005). Because of this ability 





influence downstream ecosystems through altered water quality (Aldridge et al., 2010).  
Therefore, stream chemistry reflects the cumulative effects of hydrologic processes and 
geochemical processes.  
The uptake and release of solutes that occurs along various hydrologic pathways occur 
via abiotic and biotic mechanisms that vary spatially and temporally (Biggs et al., 2002). The 
main in-stream processes regulating P flux include biotic uptake, abiotic uptake, and the 
transport/export downstream. Abiotic and biotic processes regulate the relative pool sizes of P 
and transformations of P compounds in the water column and sediment (Reddy et al., 1999). 
Biotic uptake in streams involves assimilation by vegetation, plankton, periphyton, and 
microorganisms. Abiotic processes present in streams include: sedimentation, adsorption to 
sediments/particles, precipitation, and exchange between sediment and the water column (Reddy 
et al., 1999). The primary abiotic mechanism of uptake is that of sorption of inorganic P to 
amorphous and crystalline forms of Al, Fe, calcium [Ca], and other elements (Bolan et al., 1985; 
Reddy et al., 1999). Phosphorus sorption capacity in freshwater sediments has also been found to 
be related to concentrations of calcium carbonate in high pH conditions, while linked to 
aluminum hydroxides in low pH conditions. Past research has repeatedly found a major loss of P 
from the water column of lakes due to the settling of P sorbed to sediment particles (Caraco et 
al., 1991) and therefore can largely influence the productivity of the system (Reddy et al., 1999). 
High sorption capacity of sediments has been noted to dampen the biotic effects of P loading by 
altering the timing and quantity of P exported downstream. It has been observed in times of 
limited P load that biotic processes dominate total uptake of SRP from the water column, but 
when P load is high abiotic processes can be dominant (Small et al., 2016).  Because the 





are linked to greater P solubility, while oxidizing conditions are thought to decrease P solubility 
due to conditions that favor PO4 fixation via cationic minerals (Schwemm et al., 2004). pH also 
has an influence on the availability of P; P availability is greatest in slightly acidic to neutral 
conditions (Reddy et al., 1999). Furthermore, the presence of certain cations in specific pH 
ranges can influence the form of P prevalent in an environment. In acidic conditions P is often 
fixed to Al- and Fe- compounds if the activity of these cations is high, as in alkaline conditions P 
is usually fixed by Ca- and Mg-containing compounds (Reddy et al., 1999). 
While we know of some potential ecological consequences of altered P availability in 
stream ecosystems, the relationship between P loading and ecological effects remains uncertain 
because it depends on the capacity for P retention through biotic and abiotic mechanisms that are 
difficult to isolate (Small et al., 2016). Streams not only store nutrients, but also are capable of 
transforming nutrients from biologically-available forms to non-available forms. Therefore, it is 
important to consider stream nutrient retention when developing best management practices for a 
watershed (Reddy et al., 1999). Abiotic processes are particularly important to investigate with 
this regard, as they are capable of storing P for much longer periods of time than biotic processes 
(Small et al, 2016). Furthermore, interactions between hydrologic cycles and nutrient cycles have 
been well-documented in previous studies conducted in temperate forests, but not for tropical 
forests (McDowell et al., 1995). In tropical ecosystems, where productivity is often limited by P, 
nutrient availability may have significant impact on the annual exchange of carbon dioxide with 
the atmosphere and biosphere (Pett-Ridge, 2009; Cleveland & Townsend, 2006). Enhanced 
understanding of P cycling in tropical systems is particularly important due to this strong link 
with carbon cycling, and the susceptibility of P cycling to the changes in precipitation and 





to the pool of knowledge on P limitation in tropical ecosystems is also warranted because direct 
evidence for P limitation across tropical ecosystems is scant and involves simple generalizations 
which may not be appropriate due to wide variability in the characteristics these ecosystems (soil 
age, soil physical properties, rainfall, uplift, erosion, and atmospheric deposition) that affect P 
retention (Pett-Ridge, 2009).  
1.5 Knowledge Gap in Watershed-Scale P Dynamics 
Nutrient compartments are portions of the environment (i.e. soils, streams, atmosphere, 
etc…) that possess nutrients for a period of time and/or transform nutrients. Interactions between 
nitrogen compartments and changes in the global nitrogen cycle have been well-documented and 
described, but much less is known about the global P cycle (Bennett et al., 2001). Additionally, 
previous studies focus on P cycling between compartments in agricultural and temperate lands; 
these studies focus on fluxes between compartments rather than the processes within and 
between compartments. Stream-riparian ecosystems are landscapes comprised of dynamic, 
interacting terrestrial and aquatic components; this affects the form of transported materials and 
the amount of nutrient retention and transport (Dent et al., 2001). Recognition of in situ 
processing and spatial translation of materials, processes, and their influence along flow paths 
facilitate the generation of a holistic picture of ecosystem function on a landscape scale (Fisher et 
al., 2004). Enhanced understanding of these different P compartments and their interactions will 
contribute to our understanding of P cycling in tropical systems providing the knowledge that 
will enable us to better management of these ecosystems, while facilitating our ability to 
incorporate the role of P cycling into global change models to better prepare for and mitigate 
future environmental change. Better understanding of P dynamics and P retention is critical to 





nutrient dynamics simultaneously are uncommon; improved integration of geomorphology and 
ecological processes will contribute greatly to this understanding (Fisher et al., 2007).  
To improve of understanding of P processing and retention between various ecosystem 
components the following research questions were investigated: How do ecosystem 
compartments along hydrologic flow paths control phosphorus dynamics in a tropical montane 
watershed? What can account for spatial variability in solute concentrations in the watershed? 






















2.1 Study Site 
The Icacos watershed, located in the Luquillo Experimental Forest of northeastern Puerto 
Rico, provides an ideal opportunity to study how interactions among soil, groundwater, and 
stream water processes affect P cycling. It is a National Science Foundation-funded Critical Zone 
Observatory. Critical Zone Observatories serve the scientific community through research, 
infrastructure, models, and data. The program is focused on how components of the Critical 
Zone interact: rock, water, soil, life, and air. The Luquillo Experimental Forest is located in the 
windward portion and wettest region of the island (Garcia-Martino et al., 1996) (Figure 1). The 
Rio Icacos watershed ranges from about 600-800 m in elevation, is underlain by quartz-diorite 
bedrock and is predominantly lower montane wet forest (Pett-Ridge, 2009; Brown et al.,1995). 
In this watershed P cycles “tightly”, as is typical of many tropical forests relative to temperate 
forests, meaning a large portion of the P in a watershed is retained and conserved in pools rather 
than lost in stream water (Pett-Ridge, 2009; Wood et al., 1984).  
The watershed is subject to high rates of precipitation (2500-5000 mm/yr), frequent 
hurricanes, high annual runoff (4000 mm), a large amount of annual sediment transport out of 
the catchment (1.68*10^6 kg), and frequent landslides (mainly shallow soil land slips and debris 
slides), all factors suggesting significant P transport as a result of runoff and erosion (Pett-Ridge, 
2009; Brown et al., 1995). Erosion is also a major issue due to hilly topography (El-Swaify, 
1982). Prior research by McDowell & Asbury (1994) reveals, across three watersheds studied in 
the Luquillo Experimental Forest, that the Rio Icacos watershed has the highest total dissolved P 
(TDP) export (0.07 kg/ha/yr), highest total P hydrologic export (.08 kg.ha*yr), highest total P 
accretion in above ground biomass (.47 kg.ha*yr), and the highest total P weathering input (.2 





watershed has fine textured soils ideal for the sorption of P and P -enriched runoff. The forest 
receives a significant atmospheric input of P from Saharan dust (.23±.08 kg/ha/yr) thought to be 
an important component of soil and biomass P in this ecosystem (Pett-Ridge, 2009). The Icacos 
also receives a significant terrestrial P input from the weathering of bedrock (0.15 ± 0.07-0.19 
kg/ha/yr) (Pett-Ridge, 2009). The soils of the watershed are predominantly clays and sandy clay 
loams of the Picacho-Utuado series (Boccheciamp, 1977).  The stream bed exhibits intermittent, 
prominent iron oxidation of bed material, as evidenced by orange oxidation patches along the 
streambed. The watershed exhibits a flashy nature during and following storm events (e.g. Clark 
et al. 2017). 
In order to gather insight on how interactions among soil, groundwater, and stream water 
processes affect P cycling through this study a variety of sampling, sample analysis, 
experimentation, and data analysis was done. A conceptual diagram was created to demonstrate 
compartments of interest and proposed mechanisms of retention and processing (Figure 2). 
Analysis of spatial and temporal patterns in wells and P initial mass isotherm experiments on 
excavated soils were conducted to provide information on retention and processing in the soil 
compartment. Longitudinal stream and hyporheic groundwater sampling in the main stem and 
select tributaries, sample analysis to quantify solute concentrations, in-stream physical and 
chemical measurements, and particle size fraction analyses were performed to better understand 
interactions at the groundwater-stream water interface, retention and processing in the 
groundwater compartment, and processing in the stream water compartment. Lastly, Tracer 
Additions for Spiraling Curve Characterization (TASCC) were conducted in select tributaries to 






2.2 Retention of PO4 in Soils 
 Soil samples collected during installation of six riparian wells in the Icacos watershed in 
1988 (McDowell et al. 1992) were used for soil sorption experiments. The wells were excavated 
from soils surrounding the I0, I0A, and I0B reaches of the watershed (Figure 1). During 
excavation soil samples were collected at three depths at each well by the McDowell lab: 
shallow (0-10 cm), mid (35-45 cm), and deep (90-100 cm). Soils were air dried, sieved, and 
ground prior to sorption experiments. Experiments were conducted so that initial mass isotherms 
could be applied to provide insight on adsorption processes in the watershed. These experiments 
simulate sorption behavior of riparian soils in the watershed and enable determination of PO4 
equilibrium between soil and soil-solution. This experiment was conducted using methods 
developed by McDowell and Wood (1984) who utilized their method for DOC sorption and the 
initial mass isotherm methodology employed by Nodvin et al. (1986) who applied their 
isotherms to various solutes.  
Each sample was sieved to < 2mm and placed into seven conical, 50-mL falcon tubes. 
Five grams of sample was placed into each tube and each of the seven tubes received 50 ml of a 
different P treatment created from NaHPO4 (0, 2, 5, 10, 25, 50, 100 μg PO4/L) (n=126). Tubes 
were then shaken in a swaying motion to simulate water flow every ten minutes for 30 seconds 
over a two-hour period. Following this equilibration period all samples were centrifuged for 10 
minutes at 2000 rpm, decanted, filtered by 0.7μm pre-combusted GF/F filters, and frozen until 
analyzed. Soil-solution [PO4] was determined using the automated ascorbic acid method on the 





Soil sorption experiment soil-solution [PO4] was measured to calculate various isotherm 
metrics and to make the associated linear initial mass isotherms to model sorption behavior of 
the various soils and create a linear equation to model behavior: 
RE=Xim-b 
RE=amount of PO4 removed or released (-release, +removal) (µgPO4) 
Xi=initial amount of PO4 in solution with respect to soil mass (µgPO4) 
m=partition coefficient (unitless) 
b=y-intercept (µgPO4) 
The slope of the linear regression (m), is the partitioning coefficient of the initial mass 
isotherm and indicates the fraction of the total reactive substance in a soil/water system that is 
retained by the soil. The x-intercept of the initial mass isotherms indicates the equilibrium 
concentration (Ce), the concentration at which soils demonstrate sorption of surrounding PO4. 
2.3  Comparison of Stream and Stream Bed PO4 Chemistry  
Stream surface water samples and groundwater samples were taken along a longitudinal 
transect in the main stem and in four of the tributaries (I0, I0A, I0B, RIST 5) (Figure 1). Sampling 
points selected in the main stem were based on points chosen for previous stu21dy in the 
McDowell lab (Bhatt, 2005).  Tributary sampling consisted of three points: a downstream point 
(bottom), a mid-stream point (mid), and an upstream point (upper). Stream water samples were 
taken first and then a groundwater water sample was extracted from within the stream bed at the 
same location. A majority of the soils are underlain by occasionally flooded Icacos loam (Figure 
1). YSI multiparameter meter readings were taken at each sampling point in the stream to 





oxidation-reduction potential [ORP], conductivity, specific conductance,  and total dissolved 
solids [TDS]. 
 Stream water samples were grab samples collected in 1 Liter acid-washed polyethylene 
bottles Nalgene bottles. A groundwater sampling tool was built using the methods established by 
Kennedy et al. (2007) for a light-oil piezo manometer; only the application of the groundwater 
sampler was utilized for this study. The groundwater sampler consisted of a ½ inch diameter 
schedule 80 PVC riser pipe 1.5 m in length connected to 15 cm ½ inch diameter PVC with 
screening (5 cm long screens with .3 cm slot spacing and .03 cm slot width). The screened 
portion of the PVC had a conical PVC drive point at one end and a hose barb at the other end 
that was connected to the 1.5 m riser pipe. 1 m of clear, flexible PVC tubing was attached to the 
hose barb and run .75 m up the riser pipe at which point a hole was drilled in the pipe to allow 
the tubing out. The tubing was then connected to a two way stop cock so that samples could be 
extracted using 60-300 mL syringes. A metal plate was placed 36 cm from the conical tip so that 
samples would be extracted from 31-36 cm under the bed material which is suggested for 
channels with sandy bed material (Kennedy et al., 2007). The groundwater sampler was driven 
into bed material up to the metal plate and water samples were extracted by syringe and placed in 
a 1 Liter acid-washed polyethylene Nalgene bottle; in particularly silty bed material samples 
could not be gathered due to clogging of the screen (I0B, sampling site 8). 
 Samples were filtered in the El Verde Field Station Laboratory. All 1L samples were 
filtered into 6, 60 mL acid-washed polyethylene Nalgene bottles. The 6, 60 mL samples were 
treated with various filtration sizes and amendments: 0.2 μm Millipore nitrocellulose filter, non-
acidified; Millipore 0.2 μm nitrocellulose filter, acidified; Millipore 0.45 μm nitrocellulose filter, 





glass fiber filter [GF/F], non-acidified; 0.7μm Whatman pre-combusted GF/F, acidified. 
Acidified samples were acidified with 10% Ultrex trace metal grade HNO3, refrigerated, and 
shipped overnight to the University of New Hampshire. Non-acidified samples were frozen and 
shipped overnight to the University of New Hampshire for analysis in the Water Quality 
Analysis Laboratory. 
Stream grab samples and groundwater samples collected along longitudinal transects in 
selected tributaries and the main stem were analyzed for various chemical parameters. Acidified 
0.2 μm-, acidified 0.45μm-. acidified 0.7 μm- filtered samples were utilized for metal analysis 
conducted at the U.S. Forest Service to determine a suite of metal and ion concentrations (Al, Ba, 
Ca, Fe, K, Mg, Mn, Na, Si) using inductively coupled plasma-optical emission spectrometry 
(ICP-OES) (Fitzsimmons, 2015). Samples were run at various filtration sizes so that the 
contribution of colloids to total metal concentrations could be compared.  
Non-acidified .7 μm filtered samples were analyzed for major ions. Non-acidified .7 µm, 
.45 µm, and .2 µm samples were analyzed for [PO4] so that concentration of different particle 
sizes could be compared. Major ions were determined using ion chromatography on a Dionex 
ICS-1000 (IonPac AS22 column for anions) and Dionex ICS- 1000 and 1100 (IonPac CS12 
column for cations) (EPA 300.0; ASTN D6919-09). [PO4] was determined using the automated 
ascorbic acid method for the Seal Analytical AQ2 Discrete Analyzer (Reddy et al., 1999; 
D’Angelo & Webster, 1991; EPA 365.3). 
Statistical analysis of longitudinal stream and groundwater chemistry was conducted  to 
determine which variables best explained variation in the data and could be effectively used to 
group data. Initially multivariate correlation analysis was performed to determine strong and 





SIMPLS fit and no k-fold to further explore which variables explained the most variation in 
[PO4] and how the variables loaded with regard to the explanatory factors. The partial least 
square analysis at these settings was best-suited to the short and wide nature of this dataset. 
2.4 Quantification of In-Stream PO4 Uptake 
 PO4 additions were conducted in accordance with Tracer Additions for Spiraling Curve 
Characterization (TASCC) to quantify nutrient uptake kinetics following the method of Covino 
et al. (2010). These additions were performed in three of the four sampled tributary reaches -- the 
I0A was not a long enough stretch for an addition. Prior to these additions background Cl and 
PO4 concentrations from past research in the watershed (Bhatt, 2005) were utilized to calculate 
amount of K2HPO4 and NaCl to add in each reach (Tables 1). The discharge of reaches was 
determined prior to the day before the additions using Sontek Flow Tracker Handheld Acoustic 
Doppler Velocimeter (ADV) to calculate the amount of K2HPO4 and NaCl to add. K2HPO4 was 
used to provide the nutrient slug, and NaCl was used as a conservative tracer so we could track 
the progress of the downstream transport of the nutrient through conductivity measurements. For 
each addition, background samples were taken at the upstream and downstream point of the 
addition prior to the addition and a YSI and conductivity probe were set up at the downstream 
point. The NaCl and K2HPO4 was then mixed in a bucket until dissolved and released at the 
upstream point of the tributary; the timer started at release.  
Once the conductivity pulse from added NaCl reached the downstream site as evidenced 
by increases in specific conductance, samples were taken. Conductivity and time of sample were 
recorded until the conductivity returned to background levels. Samples reflected the rising limb, 
peak, and falling limb of the addition. Samples were then filtered with .7 μ pre-combusted GF/F 





Cl-, PO4, and conductivity data acquired from these samples in order to determine various uptake 
metrics for these reaches: uptake length [Sw]: length of stream a nutrient molecule travels before 
being taken up; removal [R]: the proportion of nutrient added to the system taken up; uptake 
velocity [Vf]: the rate (mm/min) at which a nutrient is taken up; areal uptake velocity [U]: the 
amount of nutrient taken up in a parcel of water (mg/m2/day).  
2.5 McDowell Lab Supplementary Data 
 Data from past studies and long-term data collection conducted in the McDowell Lab 
were utilized to supplement interpretation of PO4 data collected in the Icacos for this study. 
McDowell Lab data was used to provide relative comparison between past and current data. 
Solute data, physical measurements, and chemical measurements from research conducted by 
Bhatt (2005) were used as references and for comparison with data and measurements made in 
this study. The McDowell Lab long-term Icacos [PO4] data set initiated in 1983 provides insight 
on long-term PO4 chemistry in the watershed. Soil observations made during McDowell Lab 















3.1 Ecosystem Compartment Behavior Along Hydrologic Flowpaths & Spatial Variability 
Soil experiments reveal soil behavior differs by depth. While shallow soils release PO4 
into solution and the surrounding environment at the simulated concentrations, mid- and deep 
depth soils have a high affinity for sorbing PO4 from solution and surpassed their equilibrium 
concentrations (Ce) within the given range of concentrations of the experiment.  Results are 
consistent across almost all soil profiles, with slope of the isotherm (partition coefficient) 
increasing with depth, equilibrium concentration of P decreasing with depth, and the consistency 
of the isotherm data (R2) also increasing with depth.(Table 2; Figure 3; Appendix A&B). Almost 
all the applied linear initial mass sorption isotherms possessed a positive slope, indicating 
sorption behavior of the soils. However, the behavior across the profile depths was distinct. 
Deeper soils exhibited higher retention in the form of consistently higher partition coefficients 
and that sorption occurs at lower concentrations of PO4 with lower Ce values (Table 2). Shallow 
soils exhibited lower retention and very few shallow soil samples hit the equilibrium 
concentration within these experimental conditions. Mid depth soils exhibited intermediate 
behavior; most of these soils reached an equilibrium concentration within the experimental 
conditions, but did not exhibit as high of an affinity for sorption as the deep depth soils. that 
could be applied to all of the mid- and deep- depth soil samples.  
Similarities between ambient PO4 concentrations of deep soils from the sorption 
experiments and PO4 concentrations from respective well samples collected from 2000-2010 
were observed. Average groundwater [P] across Wells 1-6 sampled from 2000-2010 ranged from 
1.3-6.1 µgP/L (Table 3). Well 1, the riparian well, historically had the highest concentrations of 





the highest Xf concentration of PO4 of the deep wells of 27.44 µg P/L and this concentration 
would have fallen within a sorptive range for the mid and deep depth soils (Table 2, Table 3; 
Figure 3; Appendix A). During excavation and well sample collection Well I5 was designated as 
an floodplain well noted to be more oxidizing in character (McDowell et al. 1992). This is 
evident in the initial mass soil isotherms, as deep depth well 5 possesses the lowest value for 
slope; of the deep soils it has the lowest affinity for PO4 sorption at .842 (Table 2).  Again, at the 
ambient concentration of PO4 of [2.551 µg P/L] for Well 5, mid and deep depth soils would have 
been within a Ce range conducive to sorption. However, Well I6, upslope well, had high soil 
sorption demonstrating the greatest affinity for PO4 uptake; this result demonstrates the capacity 
of upslope soils in the watershed to have high affinities for sorption (Table 2). Additionally, at 
the concentration of PO4 demonstrated in this well, mid and deep depth soils would have been 
within an appropriate range to exhibit sorption (Table 3; Figure 3). 
PO4 behavior in groundwater was mirrored in stream water for the most part in the main 
stem (Figure 4). In the main stem PO4 behavior was mimicked between compartments, but 
around 2050 m and around 2300 m larger groundwater-stream water PO4 discrepancies occur, 
7.30 µgP/L and 10.74 µgP/L respectively. It may also be noted that PO4, in both compartments, 
appears to decrease in the downstream direction. Surface water [PO4] shows a clear decrease in 
the downstream direction while groundwater demonstrates an overall decreasing trend in [PO4] 
in the downstream direction with some up and down fluctuation. Furthermore, groundwater PO4 
appears to increase towards the end of the reach in the downstream direction (Figure 4). 
Longitudinally in the main stem, as well as some of the other sampled reaches, the compartment 





While the main stem exhibited a downstream trend in solute behavior and GW and SW 
PO4 behavior generally mirrored each other longitudinally, the tributaries demonstrated more 
variable solute behavior. In tributary I0 GW PO4 increases in the downstream direction (US 
[upstream] 8.60-DS [downstream] 29.69 ugP/L), SW PO4 decreases in the downstream direction 
(US 8.77-DS 6.43 ugP/L), and the GW compartment generally possessed much higher 
concentrations of PO4 (Appendix C). In Tributary I0A PO4 increased in the downstream 
direction, GW (US 8.90-12.8 ugP/L) and SW behaved similarly (US 7.09-DS 11.59 ugP/L), and 
the GW compartment possessed higher concentrations of PO4. In tributary I0B GW PO4 
decreased drastically in the downstream direction (US 74.2-6.11 ugP/L) and SW PO4 was fairly 
constant and low throughout the reach (US 7.98-10.06-DS ugP/L). In tributary RIST5 SW PO4 
was fairly low and constant (US 16.2-DS 20.39 ugP/L), while GW PO4 was higher and increased 
in the downstream direction (US 8.26-DS 8.23 ugP/L) (Appendix C). Across tributaries I0 and 
I0B GW samples possessed some of the highest PO4 concentrations at 37.5 ugP/L and 74.21 
ugP/L respectively. Compared to the main stem at sampling point RIS1, near the confluence of 
the selected tributaries with the main stem, tributary concentrations are relatively high compared 
to RIS1 concentrations in either compartment (GW 9.75 ugP/L, SW 8.28 ugP/L) (Figure 4). 
The selected tributaries from the Icacos watershed (I0, I0B, RIST 5) demonstrated distinct 
uptake behaviors. Uptake length across tributaries ranged from 44 -210 m; I0 B had the shortest 
uptake length of 44 m, followed by I0 with 97, and then by RIST 5 with 210 m. Uptake velocity 
across the tributaries ranged from 5.1-6.3 mm/min; RIST 5 had the smallest uptake velocity of 
5.1 mm/min followed by I0B with 5.5 m/yr, and then by I0 with 6.3 mm/min. Areal uptake across 
tributaries ranged from 16-58 mg/m2/d; I0 had the smallest areal uptake of 16 mg/m2/d, followed 





tributaries ranged from 37%-71%; RIST 5 took up the smallest proportion of nutrient at .37, 
followed by I0 with .49, and then by I0B with .71 (Table 1).  
Breakthrough curves (BTCs) for the TASCC nutrient additions revealed further evidence 
of variable uptake behavior across tributaries. Tributary I0 and RIST5 demonstrated typical 
BTCs in which the BTCs of Cl and PO4-P were aligned and towards the peak PO4-P:Cl 
approached the injectate ratio of 0.00106 (Appendix D). Tributary I0B exhibited different uptake 
behavior which is exhibited in the Cl and PO4-P BTC for this reach. The BTC for this reach 
demonstrates a large proportion of capture of the slug as there is no upward or downward slope 
of PO4 alongside of the peak that manages to squeak a signal through. This demonstration of 
quick PO4 uptake coincides with the high removal exhibited in this reach and the relatively high 
areal uptake rate (Table 1). 
3.2 Downstream Solute Trends 
SRP concentrations decreased in the downstream direction in the main stem for both 
stream water and groundwater samples (Figure 4). This is consistent with Icacos main stem 
longitudinal data from Bhatt (2005). SRP (all measured size fractions: <.2 um, <.45um, <.7 um) 
across all reaches and all compartments ranged from 3.8-106.5 µg P/L. Dissolved SRP (<.2 um) 
across both the groundwater and stream compartment in the main stem ranged from 5.2 µg P/L 
to 49.4 µg P/L. Fine colloidal SRP (>.2 um, <.45 um) in both the groundwater and stream 
compartment of the main stem ranged from 4.1 µg P/L to 59.1 µg P/L. Colloidal PO4 (>.45 um, 
<.7 um) in the main stem across both compartments ranged from 3.8-46.4 µg P/L (Table 4). 
Across most reaches and compartments all size fractions accounted for significant proportions of 
SRP (Figure 5). In the main stem overall trends for fraction sizes of solutes may be observed. In 





increases, and the colloidal PO4 fraction decreases (Appendix E). Dissolved fractions of Mg, Fe, 
and Ca are consistent with this pattern and decrease in the downstream direction of the main 
stem. Fine colloidal fractions of Mn in the main stem demonstrate some similarity to the 
downstream increasing trend of fine colloidal PO4. Colloidal fractions of Mg and Ca in the main 
stem also decrease in the downstream direction. Aluminum concentrations for all size fractions 
of main stem stream water fluctuate drastically along the reach (Appendix E). 
Concentrations of biotically controlled NO3 and weathering-controlled Si provided 
predictive power with regard to stream [PO4] using PLSR analysis.  [NO3] ranged from 0.029 to 
0.118 mgN/L, had a positive correlation of 0.8091 (at  p<0.0001) with stream [PO4], and was the 
variable with the greatest strength in terms of VIP in PLSR analysis (Tables 5 & 6). While NO3 
was fairly low in the downstream portion of the main stem, the concentrations in the upstream 
reaches are much higher and correspond to the higher PO4 concentrations (Appendix F). Stream 
[Si] ranged from 6.2 to 10.6 mg/L and demonstrated a positive correlation of 0.5872 (p<0.01) 
with stream PO4 concentrations and was considered a significant explanatory variable in PLSR 
(VIP>0.8) (Table 5 & 6). [Si] also generally decreased in the downstream direction which is also 
consistent with Icacos main stem data from Bhatt (2005). 
Of the physical parameters measured during longitudinal testing, TDS, specific 
conductance, pH, and ORP demonstrated strong correlations and predictive strength with regard 
to stream [PO4]. TDS across reaches ranged from 25.0-38.3 mg/L and demonstrated a positive 
correlation of 0.201 (p<0.05) with stream [PO4]. pH across the sampled reaches ranged from 6.3 
to 6.8 and pH had a positive correlation of 0.282 (p<0.05) with stream [PO4]. ORP across the 
reaches ranged from 65.1-117.1 mV and was positively correlated with stream [PO4] (0.217; 





possessed a positive correlation of 0.196 (p<0.005) with [PO4] (Appendix F). Multivariate 
analysis revealed more insight on the relationships among variables and with PO4; this analysis 
demonstrated stronger correlations between these variables and PO4 accounting for relationships 
within the data matrix used. TDS demonstrated a significant positive correlation of 0.6297 
(p<0.005) with stream [PO4] possibly indicating [PO4] comprises some of the dissolved solute 
load. pH had a positive correlation of 0.56 (p<0.1) with stream [PO4]. ORP possessed a positive 
correlation of 0.5231 (p<0.05) with stream [PO4]. Specific conductance had a positive 





















4.1 Compartment Control of Phosphorus Dynamics Along Hydrologic Flowpaths & Spatial 
Variability 
Patches of highly oxidized soils are evident as you move away from riparian soils and 
contribute to spatial variability of PO4. Deeper soils and mid-depth soils, especially in times of 
low flow, would be expected to immobilize and retain PO4. Well 6 exhibited extremely high PO4 
retention suggesting limited PO4 transport in areas of the watershed possessing similar soils. 
Well 4 also exhibited high PO4 retention indicating similar soils exist in the watershed and would 
limit PO4 transport. Well 4 soils were noted to be red-brown during excavation implying that 
they are high in iron oxides. This prevalence of iron oxidation can likely account for the high 
affinity for sorption these soils possess. These results suggest patches of deeply oxidized soils 
exist within the watershed, these patches act as strong sinks for PO4, and that soil composition 
and condition contribute substantially to PO4 variability.  
Soil sorption experiments simulate reducing or high flow events to determine release to 
soil solution. High retention despite the presence of highly reducing conditions was exhibited by 
mid and deep depth soils; this coincides with work from Lin et al. 2020. The mid and deep depth 
soils lining the reaches and main stem demonstrate similar results determined by batch P sorption 
soil studies conducted by Lin et al. (2020) using soils from the Icacos watershed. They 
determined sorption capacity in these humid, tropical forest soils is not necessarily decreased in 
anoxic conditions, rather, they discovered the strength of the sorptive mechanism is weaker. This 
suggests that in both reducing and oxidizing conditions mid and deep depth soils in the 
watershed act as a sink and way for retention of P along hydrologic pathways in the watershed. 





operate as significant sources of P retention at higher PO4 concentrations when this Ce value is 
breached (Figure 3). This also provides insight on how this compartment processes P; under 
oxidizing conditions Fe most likely persists in Fe (III) form which binds PO4 more strongly, 
while under reducing conditions Fe is often transformed into Fe (II) forms and partakes in a 
weaker binding of PO4 (Lin et al., 2020). This character could also explain the lower relative 
concentrations of P exhibited in this watershed. It could also account for the decreasing 
concentrations in the downstream direction of the main stem as the solute load has more contact 
and proximity to the landscape prior to entering the stream some of the P may be captured by the 
soils. 
In contrast to mid- and deep- depth soils with a high affinity for soil sorption, shallow 
soils released significant quantities of P to their surroundings within the experimental range of 
concentrations (0-100ugPO4/L) (Table 2). Shallow soil horizons thus may provide a substantial 
source of PO4 enrichment as ambient P conditions do not likely exceed that range and reach the 
Ce for most of the shallow soils at which they would begin to demonstrate sorption behavior. 
Wymore (2017) observed Rio Icacos C-Q PO4 relationships were unique relative to other 
streams in the Luquillo Mountains, as they demonstrated an increase in PO4 with increased 
discharge, rather than typical dilution behavior. I propose abiotic processes in riparian and 
shallow soils horizons plays a large role in this C-Q relationship rather than biological cycling. 
The release of P from shallow soils during sorption experiments appears to mirror the behavior 
of stream chemistry during high flow events resulting in the C-Q relationship identified by 
Wymore et al. (2017). As discharge climbs the conditions that are more conducive to abiotic 





behavior. This demonstrates shallow soils play a significant role in C-Q relationships in a quartz-
diorite watershed, as well as a strong role in controlling solute behavior (Figure 6). 
The significant release of P from shallow soils during sorption experiments may be the 
result of multiple mechanisms. One is influence from the breakdown of residual soil organic 
matter [SOM] that is much greater in shallow soils at this site (McDowell et al. 1992). The 
breakdown of this SOM would result in bioavailable P that would be mobilized upon inundation. 
This mechanism could also contribute to the C-Q relationship observed by Wymore et al. (2017). 
In the field the breakdown of this SOM could lead to larger proportions of P available for export 
during high flow events in the watershed. 
While TASCC experiments in I0 and RIST5 revealed typical uptake behavior and BTCs, 
I0B demonstrated a high removal of 71% and exhibited an odd BTC (Table 1, Appendix D). 
Only one peak point makes a signal through the measurements, while all other PO4 samples 
taken over the course of the addition remained consistently between 10-20 ugP/L. This BTC 
behavior suggests quick and strong capture. Based on the orange film present on the bed material 
in this reach I would suspect microbial Fe-reducing communities are converting Fe to amorphous 
forms conducive to P sorption leading to this quick and significant capture of P (Lin et al., 2020) 
(Appendix G). This provides evidence of these communities in the watershed that can play a 
significant role in P dynamics in the surface water compartment and result in spatial variability 
in the watershed. 
GW-SW behaviors across reaches provide insight on P dynamics along this flowpath and 
exchange. The exchange of stream water and ground water occurs at the channel bed scale; local 
shallow surface water circulation in underlying sediments creates areas of discharge and recharge 





connectivity is apparent in the mirrored behavior demonstrated by most of the reaches. In 
particular, this may be observed in the main stem (Figure 4). Fluctuations in dominant 
compartment and changes in the magnitude of the difference between compartment [PO4] likely 
indicates that the losing and gaining nature of these streams fluctuates over the course of the 
stream. Spatial variability in solute concentrations could partially be due to this phenomenon. 
Furthermore, groundwater input and gaining nature in I0B could provide an alternative 
explanation for the atypical BTC behavior and orange bed material. This orange, slimy material 
could be oxidizing bacteria that need very little oxygen to convert the ferrous forms (Fe2+) 
coming in from groundwater to ferric forms (Fe3+) (Jackson, 2020). The bacteria gain energy 
from this conversion and the resulting ferric forms that are insoluble and capable of fixation P 
via sorption. 
Another notable instance of spatial variation is that of aluminum and iron in the main 
stem. Metal concentrations in the main stem were comparable to those of other tropical, coastal 
streams. For instance, the Terengganu is a comparable tropical stream with a discharge of 526 
L/s compared to the 412 L/s of the Icacos main stem (Sultan, 2012; Wymore et al., 2017). 
Compared to the Terengganu, Fe concentration of 0.457 mg/L, the average Fe concentration of 
0.100 mg/L in the main stem was relatively low. While [Al] concentrations are relatively high 
averaging .033 mg/L in the main stem compared to 0.018 mg/L in the Terengganu (Sultan, 
2012). This higher concentration of Al could be due to the fact that the reaches are relatively 
acidic compared to other tropical streams as acidic conditions are associated with Al availability. 
All size fractions of stream Al and Fe in the main stem exhibited severe fluctuations in 
concentration along the reach (Appendix D). This variable quantity and quality of Al and Fe 





these metals is due to variability in the suite of physical and chemical factors that play a role in 
the reduction and oxidation of Al and Fe along the reach. In turn these oxidized forms of Al and 
Fe can ultimately lead to more PO4 fixation. 
4.2 Solute Chemistry and Longitudinal Trends 
Longitudinal data in the main stem, unlike that in the tributaries, demonstrated a pattern 
of decreased PO4 concentration in the downstream direction. This result is consistent with data 
collected by Bhatt (2005). Furthermore, [Si] in both this study and the Bhatt (2005) study 
demonstrated a decrease in the downstream direction. Bhatt attributed both P and Si patterns to 
differential rates of weathering upstream vs. downstream due to variable source parent material, 
and shifts in geomorphological characters like channel depth, channel width, pool-riffle 
sequence, bed material, and riparian area down through the watershed. Groundwater 
measurements and fraction analysis of solutes provides further insight into some of the specific 
processes that drive downstream trends in the Icacos. Groundwater and stream water chemistry 
appear to suggest agreement with the importance of weathering rates contribution to P load as 
groundwater as groundwater concentrations of PO4 decrease in the downstream direction (Figure 
5). As these compartments are getting further away from their weathering sources in the 
headwaters, their P loads are decreasing. 
Further decline of PO4 in the downstream direction could be attributed to abiotic or biotic 
retention. Nutrient additions reveal that in-stream retention of PO4 in the Icacos watershed is 
within range relative to comparable streams. I0 exhibited the highest uptake velocity of 6.3 
mm/min, while I0B and RIST 5 respectively demonstrated uptake velocities of 5.5 and 5.1 
mm/min (Table 1). I0 is most similar to the main stem; the uptake metrics exhibited by this 





these additions fall within the range of other PO4 additions conducted in tropical tributaries. 
Finkler et al. (2018) report uptake velocity ranged from 1.0-16.0 mm/min. These results suggest 
the main stem likely exhibits intermediate in-stream retention within the typical range for 
tropical watersheds. 
Some of the in-stream retention could be attributed to abiotic uptake in the form of PO4 
sorption. Size fraction analysis of PO4 reveals that it is likely some PO4 is lost along the stream 
as a result of bed material capture and that the rest persists as fine colloidal PO4; the PO4 in this 
watershed appears to not persist as dissolved PO4 for long or in large quantities (Appendix E). 
This appears to be so as the colloidal PO4 fraction decreases in the downstream direction, 
suggesting bed material capture may be inhibiting this fraction from downstream transport. 
Furthermore, the dissolved fraction of PO4 also decreases in the downstream direction indicating 
this fraction is likely lost to abiotic or biotic uptake. Due to the intermediate retention 
characteristic of the watershed, it is likely that despite environmental conditions conducive to 
abiotic uptake, some of the PO4 persists in soluble and sorbed forms and is exported. The fine 
colloidal fraction of PO4 increases in the downstream direction providing evidence for the 
possibility that fine colloidal PO4 sorption is a significant in-stream process in the watershed and 
appears to enable some downstream export.  
Based on solute behavior and statistical analysis it would appear that some solutes play a 
role or dictate PO4 behavior. It seems that magnesium and calcium are the cations that play the 
most significant role in this bed material capture and fine colloidal sorption (Table 5 & 6). While 
most pH values were fairly neutral, values did fall within the appropriate pH range for this Ca- 
and Mg- based compound sorption mechanism (Penn & Camberato, 2019). Both of these solutes 





predictors of [PO4] and multivariate analysis identified strong, significant, positive correlations 
between the two variables and [PO4] (Table 5 & 6). The predictive strength of NO3 as an 
explanatory variable with regard to PO4 may be indicative of phosphorus limitation to N fixation, 
or alternatively could be due to redox transitions that result in high P with high nitrate.  In 
reduced groundwater or hyporheic environments NH4 and SRP are released into oxic stream 
water.  In the Bisley, a neighboring and similar watershed, it has been found that the ammonium 
uptake is rapid and rates of nitrification are high (Merriam et al. 2000). At very low flows SRP 
declines in concentration in the main stem (Wymore et al. 2017), perhaps again driven 
abiotically, by sorption of SRP onto iron oxides that coat the stream channel in these more 
oxidizing, low-flow conditions.   
While DO, which ranged from 7.3-8.1 mg/L, falls into a range typical for a low elevation, 
montane watershed, the watershed has a somewhat more oxidizing character (Lewis, 2008). ORP 
of the Icacos main stem compared to the Terengganu is quite high demonstrating the greater 
oxidizing character of the Icacos; the Icacos main stem ORP average 100.175 mV, while the 
Terengganu averaged 21.2 mV (Sultan, 2012). This greater oxidizing character contributes to 
this watershed’s affinity for P sorption at the groundwater-stream water interface and in-stream 
during times of low flow. This greater oxidizing character could be a result of relatively low 












Chemical and physical characteristics provide insight on the factors that drive spatial 
variability in P concentrations along hydrologic flow paths in the Icacos watershed. Based on 
previously established C-Q relationships in the watershed and soil sorption experiments it 
appears that shallow soils provide substantial loads of PO4 to the streams during and following 
rain events. Based on soil experiments it is evident that patches of iron oxides existed in the 
watershed, particularly in upslope soils (McDowell et al. 2012) and that these areas immobilize 
significant quantities of PO4. Furthermore, it appears that mid and deep soils continue to act as P 
sinks despite reducing conditions and that [PO4] that persists within the watershed falls within 
the appropriate Ce range for these soils to sorb. This coincides and supports findings from Lin et 
al. (2020) that found evidence sorption capacity for P is not necessarily lessened in reducing 
conditions, but rather the strength of the binding mechanism involved in the sorption. This 
indicates soils in the watershed can still act as a sink for P in the presence of reducing conditions, 
but the mechanism for sorption and the strength of the binding changes. In oxidizing conditions 
Fe in the form of Fe3+ dominates, while in reducing conditions the Fe
2+ form dominates sorption 
and continues to fixate P. 
Further spatial variability was exhibited and clarified through TASCC additions. I0B 
revealed bacterial communities may play a significant role in P processing at the groundwater-
stream water interface in the watershed. The BTC behavior, high retention, and physical 
evidence of these communities provided support for the control this transformation is capable of 
playing in P dynamics in the watershed. BTC behavior in this reach demonstrated how quickly 





communities indicate what a significant influence this process can play in P-processing in the 
watershed. 
Downstream decreases in various solutes in the Icacos watershed can be attributed to 
differential weathering rates and parent material as suggested by Bhatt (2005), but may also be 
attributed to other factors. Some of the downstream decrease in PO4 can be attributed to in-
stream retention as a result of biotic uptake of dissolved PO4 and abiotic uptake in the form of 
bed material capture of colloidal PO4. Downstream transport of P persists primarily in fine 
colloidal form indicating fine colloidal sorption. This sorption is likely controlled by Ca and Mg 
demonstrated by the strong correlations, explanatory strength, and environmental conditions in 
the watershed.  
Al and Fe are extremely variable in the watershed indicating variability of the 
environmental conditions (ORP, DO, pH) associated with their solubility. In turn, this variability 
can explain some of the variability in PO4 as forms of these cations can lead to abiotic uptake 
and immobilization. Furthermore, GW-SW exchanges appear to play a significant role in  the 
longitudinal trends and spatial variability of PO4 concentrations. A significant loss and decrease 
in PO4 occurs in the main stem, and this loss is evidenced as a gain in GW.  
These results provide insight on flow paths, groundwater delivery, and spatial and 
temporal variability in this watershed. Information on the quality and transport of phosphorus in 
a tropical watershed enhances our ability to understand phosphorus transport along hydrologic 








5.2 Future Directions 
 Due to the importance of the nutrient, the dynamic nature of the nutrient, and the 
potential ecological impact of the nutrient, it is important to continue to develop our 
understanding of P cycling. Sequential extraction to determine more about the quality and 
quantity of various P fractions in soils for comparison with other studies and more insight into P 
dynamics controls would be useful. Quantitative assessment of sediment transport characteristics 
to provide insight on the sediment load and provide a reasonable approximation of the 
distribution of particulate P forms would be beneficial. Measurement of the hydraulic vertical 
gradient would help develop a better understanding of the relative groundwater contributions to 
stream flow. 
Concentrations of major solutes were similar to that of Bhatt (2005) and McDowell & 
Asbury (1994) suggesting that despite the passage of time and major hurricanes that disrupted 
short-term groundwater chemistry and damaged vegetation, major weathering processes within 
the Rio Icacos watershed have remained relatively constant (Bhatt, 2005).  This consistency 
could suggest moving forward the ecosystem is resilient and will return back to similar function 
following recovery from Hurricane Maria. Moving forward it would be beneficial to continue 
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Table 1. PO4 nutrient additions metrics for experiment conducted in selected tributaries during 
August, 2017. 
Addition I0 I0B  RIST 5 
Date 8/23/2017 8/23/2017 8/23/2017 
Time of Slug Addition 11:23  
12:51  15:26  
Mass of NaCl 309.315 g 
109.631 g 1257.905 g 
KH2 PO4 (g) 1.119 g 
0.397 g 4.612 g 
Mass of Cl 187.754 g 
66.546 g 763.548 g 
Mass of P 0.199 g 
0.0707 g 0.821 g 
Mean Width 0.78 m 
0.69 m 2.09 m 
Mean Depth 7.2 cm 
10.6 cm 8.7 cm 
Mean Velocity 0.14 m/s 
0.038 m/s 0.21 m/s 
Q 7.9 L/s 
2.8 L/s 38 L/s 
Reach Length 65 m 
55.0 m 100 m 
Ambient Uptake Length 97 m 
44 m 210 m 
Removal  0.49 
0.71 0.37 
ambient vf 6.3 mm/min 
5.5 mm/min 5.1 mm/min 
ambient U 16 mg/m2/d 
58 mg/m2/d 26 mg/m2/d 
ambient U 0.00019 mg/m2/s 












Table 2. Initial mass isotherm metrics for all well soil sorption data. 
Well m (unitless) negative b (µgP) R2 Ce (µgP) 
1S 0.377 5.678 0.228 15.061 
1M 0.633 2.005 0.871 3.167 
1D 0.894 0.577 0.939 0.645 
2S 0.685 3.342 0.625 4.879 
2M 0.965 0.709 0.990 0.735 
2D 0.993 0.614 0.977 0.618 
3S 0.801 5.098 0.856 6.365 
3M 0.857 0.644 0.989 0.751 
3D 1.011 0.507 0.990 0.501 
4S 1.156 10.716 0.737 9.270 
4M 0.781 0.997 0.968 1.277 
4D 0.953 0.682 0.997 0.716 
5S 3.391 17.837 0.607 5.260 
5M 0.606 1.421 0.984 2.345 
5D 0.842 0.663 0.962 0.788 
6S 3.370 17.478 0.682 5.186 
6M 0.948 1.439 0.931 1.518 
6D 0.997 0.565 0.995 0.567 
Average Shallow 
Depth 
1.630 10.025 - 7.670 
Average Mid 
Depth 
0.798 1.203 - 1.632 
Average Deep 
Depth 































Table 4. Phosphorus found in different particle size fractions for various reaches and 





















Dissolved (<.2 um) 
P Fraction (µgP/L) 
4.732 3.665 4.157 4.836 4.855 32.071 6.890 6.174 9.454 10.572 
Fine Colloidal 
(>.2,<.45 um) P 
Fraction (µgP/L) 
3.538 6.236 4.942 7.047 5.694 16.061 10.199 5.736 4.788 5.614 
Colloidal (>.45,<.7 
um) P Fraction 
(µgP/L) 
1.040 17.288 1.395 0.095 2.265 0.000 0.000 6.233 4.053 1.652 
SRP (all fractions) 
(µgP/L) 
9.311 27.189 10.494 11.977 12.814 48.131 17.089 18.142 18.295 17.838 
Dissolved and Fine 
Colloidal (µgP/L) 





















Table 5. JMP Multivariate analysis output for chemical and physical stream water variables 
measured and collected during longitudinal sampling in August of 2017. 
SW Univariate Correlation Analysis 
Variable 
Correlation 
with PO4  (R2) 
Significance (p- 
value) 
Al -0.1543 0.5161 
Ca 0.6854 0.0009 
Fe -0.3891 0.0899 
K 0.581 0.0072 
Mg 0.6519 0.0018 
Mn -0.205 0.386 
Na 0.678 0.001 
S 0.185 0.4348 
Si 0.5872 0.0065 
Cl 0.5076 0.0223 
NO3 0.8091 <.0001 




pH 0.56 0.0102 
ORP 0.5231 0.0179 
Cond 0.6168 0.0038 
Sp Cond 0.6218 0.0034 
ODO% 0.2328 0.3232 
ODO mg/L 0.3012 0.1968 
TDS 0.6297 0.0029 
Temp -0.5797 0.0074 












Table 6. JMP PLSR analysis output for chemical and physical stream water variables measured 
and collected during longitudinal sampling in August of 2017. 








variables with VIP> .8 
5 85.2 90.6 
14 
(NO3 > Press > TDS > SpCond 
> Ca > Mg > K > Na > pH > Cl 

































Table 7. Stream and groundwater chemistry values for sampling points along the main stem 
taken in August of 2017. 
Main Stem 
Compartment SW GW 
Statistic Average SD Average SD 
P (µg/L) 12.275 6.832 12.111 11.124 
Al (mg/L) 0.033 0.021 0.056 0.046 
Ca (mg/L) 4.417 0.654 5.094 1.419 
Fe (mg/L) 0.100 0.058 1.777 3.583 
K (mg/L) 0.631 0.040 0.830 0.164 
Mg (mg/L) 1.299 0.095 1.413 0.286 
Mn (mg/L) 0.030 0.019 0.609 0.849 
Na (mg/L) 5.150 0.356 5.503 0.805 
S (mg/L) 0.415 0.038 0.349 0.170 
SiO2 (mg/L) 10.621 0.644 13.086 4.159 
Cl (mg/L) 5.949 0.192 6.477 0.593 
N (mg/L) 0.118 0.069 0.090 0.112 
S (mg/L) 0.349 0.040 0.286 0.156 
Br (mg/L) 0.011 0.006 0.008 0.005 
Barometer 
(mmHg) 
709.538 0.797 - - 
pH 6.826 0.198 - - 
ORP (mV) 100.175 36.448 - - 
Sp Cond (µS/cm) 58.713 5.298 - - 
ODO (% Sat) 88.638 2.134 - - 
TDS (mg/L) 38.250 3.491 - - 
Temp (°F) 70.863 0.255 - - 

























Figure 2. Conceptual diagram of phosphorus transport throughout ecosystem compartments in 








Figure 3. Equilibrium concentrations (Ce) for soil sorption experiments categorized by depth 
(shallow=0-10cm, mid=35-45cm, deep=90-100cm) 
 
 
Figure 4. Longitudinal groundwater and stream water [PO4] along main stem sampling points 
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Figure 6. Conceptual diagram of Icacos PO4 dynamics during and following a rain event in 
































































































































































































Well 1 Shallow Depth



















Well 2 Shallow Depth












































Well 4 Shallow Depth



















Well 5 Shallow Depth














































Well 1 Mid Depth
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Well 1 Deep Depth
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APPENDIX C. Longitudinal [PO4] and average chemical and physical parameters of reaches 
other than the main stem sampled in August, 2017 (1=downstream, 2=mid, 3=upstream).
 
I0 
Compartment SW GW 
Statistic Average SD Average SD 
PO4 (µg P/L) 6.154 2.132 5.490 2.735 
Al (mg/L) 0.040 0.007 0.110 0.149 
Ca (mg/L) 2.291 0.033 3.660 0.159 
Fe (mg/L) 0.116 0.015 3.211 1.792 
K (mg/L) 0.445 0.000 0.625 0.076 
Mg (mg/L) 0.919 0.008 1.244 0.155 
Mn (mg/L) 0.033 0.004 0.193 0.147 
Na (mg/L) 3.931 0.023 4.975 0.388 
S (mg/L) 0.432 0.003 0.254 0.099 
Si (mg/L) 6.436 0.101 9.696 3.160 
Cl (mg/L) 5.883 0.081 6.150 0.723 
NO3 (mgN/L) 0.057 0.001 0.018 0.006 
SO4 (mgS/L) 0.419 0.010 0.215 0.082 
Br (mg/L) 0.004 0.000 0.020 0.015 
Barometer 
(mmHg) 
711.000 0.216 - - 
pH 6.380 0.067 - - 
ORP (mV) 74.433 4.660 - - 
Sp Cond 
(µS/cm) 
40.667 0.262 - - 
ODO (% Sat) 88.467 1.204 - - 
TDS (mg/L) 26.667 0.471 - - 
Temp (°F) 71.300 0.000 - - 
Turbidity 
(FNU) 






























Compartment SW GW 
Statistic Average SD Average SD 
PO4 (µg P/L) 9.071 1.462 4.762 1.808 
Al (mg/L) 0.070 0.008 0.021 0.021 
Ca (mg/L) 2.223 0.018 6.286 2.920 
Fe (mg/L) 0.092 0.012 3.993 3.942 
K (mg/L) 0.430 0.005 0.815 0.309 
Mg (mg/L) 0.926 0.004 1.674 0.580 
Mn (mg/L) 0.012 0.001 0.099 0.029 
Na (mg/L) 3.909 0.021 6.243 2.156 
S (mg/L) 0.449 0.005 0.203 0.083 
Si (mg/L) 6.183 0.010 14.778 7.219 
Cl (mg/L) 6.138 0.048 5.576 0.254 
-N (mg/L) 0.081 0.004 0.017 0.000 
-S (mg/L) 0.430 0.004 0.162 0.072 
Br (mg/L) 0.007 0.004 0.004 0.001 
Barometer 
(mmHg) 
710.567 0.094 - - 
pH 6.547 0.073 - - 
ORP (mV) 117.100 9.622 - - 
Sp Cond 
(µS/cm) 
39.967 0.170 - - 
ODO (% Sat) 90.367 0.125 - - 
TDS (mg/L) 26.000 0.000 - - 
Temp (°F) 70.933 0.047 - - 
Turbidty 
(FNU) 






























Compartment SW GW 
Statistic Average SD Average SD 
PO4 (µg P/L) 9.009 1.887 32.746 28.178 
Al (mg/L) 0.032 0.014 0.219 0.211 
Ca (mg/L) 2.686 0.041 4.657 2.144 
Fe (mg/L) 0.206 0.103 1.835 1.244 
K (mg/L) 0.484 0.010 0.901 0.287 
Mg (mg/L) 0.964 0.011 1.267 0.254 
Mn (mg/L) 0.077 0.022 0.152 0.137 
Na (mg/L) 4.194 0.042 5.416 1.676 
S (mg/L) 0.409 0.004 0.228 0.140 
Si (mg/L) 7.867 0.181 14.353 6.489 
Cl (mg/L) 5.846 0.032 6.349 0.599 
NO3 -N (mg 
N/L) 
0.029 0.005 0.035 0.016 
SO4 (mg S/L) 0.370 0.022 0.162 0.093 
Br (mg/L) 0.005 0.002 0.003 0.000 
Barometer 
(mmHg) 
709.967 0.262 - - 
pH 6.343 0.063 - - 
ORP (mV) 65.067 8.271 - - 
Sp Cond 
(µS/cm) 
44.700 0.490 - - 
ODO (% Sat) 84.200 1.631 - - 
TDS (mg/L) 29.000 0.000 - - 
Temp (°F) 71.533 0.249 - - 
Turbidty 
(FNU) 






























Compartment SW GW 
Statistic Average SD Average SD 
PO4 (µg P/L) 5.482 0.753 5.787 1.689 
Al (mg/L) 0.072 0.010 0.108 0.049 
Ca (mg/L) 2.209 0.026 2.641 0.952 
Fe (mg/L) 0.090 0.008 0.280 0.237 
K (mg/L) 0.424 0.002 0.716 0.295 
Mg (mg/L) 0.945 0.004 0.933 0.167 
Mn (mg/L) 0.012 0.001 0.016 0.005 
Na (mg/L) 3.535 0.017 4.081 0.714 
S (mg/L) 0.479 0.002 0.364 0.103 
Si (mg/L) 6.613 0.063 8.224 2.233 
Cl (mg/L) 5.689 0.090 6.054 0.417 
-N (mg/L) 0.045 0.005 0.046 0.012 
-S (mg/L) 0.417 0.018 0.358 0.104 
Br (mg/L) 0.021 0.010 0.009 0.009 
Barometer 
(mmHg) 
709.533 0.047 - - 
pH 6.670 0.062 - - 
ORP (mV) 94.533 1.835 - - 
Sp Cond 
(µS/cm) 
38.567 0.125 - - 
ODO (% Sat) 89.967 0.450 - - 
TDS (mg/L) 25.000 0.000 - - 
Temp (°F) 71.667 0.047 - - 
























APPENDIX D. Break through curves for PO4 TASCC additions in tributaries I0, I0B, and RIST5 













































































































































































Distance Upstream of Gaging Station (m)
Fraction Size Distribution PO4
RIS GW Dissolved PO4
RIS SW Dissolved PO4
RIS GW Fine Colloidal PO4
RIS SW Fine Colloidal PO4
RIS GW Colloidal PO4














Distance Upstream of Gaging Station (m)
RIS Size Fraction Distribution Al
RIS GW Dissolved Al
RIS SW Dissolved Al
RIS GW Fine Colloidal Al
RIS SW Fine Colloidal Al
RIS GW Colloidal Al





















Distance Upstream of Gaging Station
RIS Mn Size Distribution
RIS GW Dissolved Mn
RIS SW Dissolved Mn
RIS GW Fine Colloidal Mn
RIS SW Fine Colloidal
RIS GW Colloidal Mn




















Distance Upstream of Gaging Station (m)
RIS Mg Size Distribution
RIS GW Dissolved Mg
RIS SW Dissolved Mg
RIS GW Fine Colloidal Mg
RIS SW Fine Colloidal Mg
RIS GW Colloidal Mg





















Distance Upstream of Gaging Station (m)
Size Distribution Fe
RIS GW Dissolved Fe
RIS SW Dissolved Fe
RIS GW Fine Colloidal Fe
RIS SW Fine Colloidal Fe
RIS GW Colloidal Fe















Distance Upstream of Gaging Station (m)
Size Distribution Fe Zoom
RIS SW Dissolved Fe
RIS GW Fine Colloidal Fe
RIS SW Fine Colloidal Fe
RIS GW Colloidal Fe










APPENDIX F. Plot of main stem stream PO4 vs. main stem stream NO3 from longitudinal 

























Distance Upstream of Gaging Station (m)
Size Distribution Ca
RIS GW Dissolved Ca
RIS SW Dissolved Ca
RIS GW Fine Colloidal Ca
RIS SW Fine Colloidal Ca
RIS GW Colloidal Ca
RIS SW Colloidal Ca
























































APPENDIX H. Linear correlations for those physical and chemical parameters that had strong 
correlations in multivariate analysis and predictive strength in PLSR. 
 
 
 
 
 
